Maternal obesity during pregnancy increases the risk for offspring obesity, in part through effects on the developing brain. Previous research has shown that perinatal consumption of highly palatable foods by the mother can influence the development of offspring taste preferences and alter gene expression within the central nervous system (CNS) reward system. Opioids stimulate consumption of both fats and carbohydrates, and overconsumption of these energy dense foods increases the risk for obesity. What has remained unclear is whether this risk can be transmitted to the offspring before gestation or if it is wholly the gestational exposure that affects offspring brain development. Utilizing an embryo transfer experimental design, 2-cell embryos were obtained from obese or control dams, and transferred to obese or control gestational carriers. Expression of the mu-opioid receptor (MOR), preproenkephalin (PENK), and the dopamine transporter was evaluated in the hypothalamus and reward circuitry (ventral tegmental area, prefrontal cortex, and nucleus accumbens) in adult and late embryonic brains. Obesity before pregnancy altered expression levels of both MOR and PENK, with males relatively more affected than females. These data are the first to demonstrate that obesity at conception, in addition to during gestation, can program the brain reward system.
INTRODUCTION
The incidence of obesity among pregnant women in the United States ranges from 20 to 38% (Yogev and Catalano, 2009) . Maternal obesity increases the lifetime risk for development of chronic diseases in the offspring, including obesity (Yu et al, 2011) and adverse neurobehavioral outcomes (Lieshout et al, 2011) , including autism spectrum disorders (Dodds et al, 2011; Krakowiak et al, 2012) , attention deficit-hyperactivity disorder (ADHD) (Ray et al, 2009; Rodriguez, 2010) , anxiety/depression (Alati et al, 2009) , difficulty with emotional regulation (Rodriguez, 2010) , and cognitive delay (Hinkle et al, 2012) . Animal models of maternal obesity and/or high-fat diet (HFD) consumption have replicated similar findings, including anxiety (Bilbo and Tsang, 2010; Sullivan et al, 2010) , spatial learning deficits (Bilbo and Tsang, 2010) , altered response to drugs of abuse (Naef et al, 2011; Shalev et al, 2010) , decreased hippocampal dendritic arborization (Tozuka et al, 2010) , and alterations in the central nervous system (CNS) gene expression (Bilbo and Tsang, 2010; Chang et al, 2008; Gupta et al, 2009; Sullivan et al, 2010; Vucetic et al, 2010) . Given these broad effects, it is critical to better understand how maternal obesity around the time of pregnancy affects offspring brain development.
The central reward system is vulnerable to maternal obesity and/or maternal consumption of an HFD during pregnancy. Adult offspring exposed to high-fat or high-sugar diets during pregnancy and/or lactation show an increased preference for high-fat or high-sugar foods (Bayol et al, 2007; Ong and Muhlhausler, 2011; Teegarden et al, 2009; Vucetic et al, 2010) . Alterations in the expression of both dopamine and opioid-related genes have been documented in offspring exposed to high-fat and/or high-sugar diets perinatally (Naef et al, 2011; Ong and Muhlhausler, 2011; Teegarden et al, 2009; Vucetic et al, 2010) . Dopamine, opioids, and rewardrelated behavior are associated with not only obesity, but also numerous adverse mental health outcomes (ADHD, depression, and addiction).
The m-opioid receptor (MOR) is a central player in coding the rewarding properties of natural stimuli such as palatable foods (Shin et al, 2010) , driving hedonically driven feeding processes, as well as opiate drugs (eg, morphine and heroin; Klein et al, 2009 ) and nicotine (Berrendero et al, 2010) . Activation of the MOR in the ventral striatum drives animals to selectively seek out fat-containing foods (Zhang and Kelley, 2000) , whereas activation of MOR in the cortex drives the selective consumption of high-carbohydrate foods (Mena et al, 2011) . Importantly, a recent study has confirmed the relationship between MOR and fat intake in human subjects (Haghighi et al, 2013) . Therefore, increased signaling through the MOR may promote obesity through the selective enhancement of consumption of highly palatable, energy dense (high fat and high carbohydrate) foods. Indeed, MOR is a target for a potential therapeutic directed toward obesity and disordered eating .
Exposure to an HFD and/or obesity during pregnancy can alter the central opioid system. What remains unclear is whether risk can originate before pregnancy, or whether gestation represents the key period of vulnerability. This information would be critical for women planning pregnancies, and the physicians who counsel them, to ensure the optimal health and development of the baby. To determine whether obesity before pregnancy could program adverse fetal brain development, an embryo transfer experiment was completed in which 2-cell embryos were taken from lean or obese dams, and transferred into lean or obese gestational carriers.
MATERIALS AND METHODS

Animals and Diet
All experimental procedures were approved by the Institutional Animal Care and Use Committee review boards of the Children's Hospital of Philadelphia and/or the University of Pennsylvania. Female C57BL/6J mice (Jacksons Labs) and CF-1 (Charles River) at 4 weeks of age were housed four animals per cage and given free access to feed and water. Two isocaloric diets were used: control diet (Lab Diet 5015) and an HFD (Harlan TD.06414). The control diet is composed of 11% fat by weight, and provides 4.7 kcal/g with calories provided by 19.8% protein, 45.9% carbohydrates (3.8% sugar), and 25.3% fat. The HFD is composed of 34% fat by weight, and provides 5.1 kcal/g with calories provided by 18.4% protein, 21.3% carbohydrates (9.0% sugar), and 60.3% fat. Female animals were permitted to feed ad libitum for at least 12 weeks before mating. Male C57BL/6J mice and transgenic C57BL/6-Tg(UBC-GFP)30Scha/J (Jackson Labs, stock #4353) were between 6 and 18 weeks of age and were maintained on the control diet and used for breeding until their weight exceeded 34 g.
Embryo Transfer
Control or HFD female C57BL/6J mice were utilized as embryo donors and control or HFD female CF1 mice were utilized as gestational carriers/embryo recipients. Donors were age matched, and HFD donors weighed at least 28 g. Control and HFD embryo donors were superovulated with an intraperitoneal injection of 5 IU pregnant mare's serum gonadotropin and 46 h later with a similar injection of 5 IU human chorionic gonadotropin (Sigma). HFD dams were mated with wild-type C57BL/6J males. Control dams were mated with C57BL/6-Tg(UBC-GFP)30Scha/J males, which carry a transgene that contains the GFP coding region under the control of the human ubiquitin C promoter (Schaefer, 2001) . This paradigm permits transfer of both the HFDderived embryos and the control-derived embryos into the same recipient minimizing the effects of the variability between recipients on the two donor groups.
Twenty-four hours after detection of a vaginal plug, donor females were killed, and 2-cell embryos were harvested from the ampullary region of the fallopian tube and collected into M2 medium (Millipore) using standard techniques (Nagy et al, 2003; Shirley et al, 1986; Wang and Dey, 2006) . Embryos from similar groups were pooled and incubated at 37 1C for 1 h before transfer into pseudopregnant CF1 females, which had been maintained on either the control or HFD. These pseudopregnant CF1 females had been primed for embryo transfer by naturally mating with vasectomized males the evening before transfer (Champlin et al, 1973) . For each recipient, 10 HFD-derived and 10 control-derived embryos were selected from their respective pools, mixed together, and 10 randomly selected embryos were surgically transferred into each oviduct of the recipient. The day of embryo transfer was considered as embryonic day 0.5 post conception. Pregnancies were allowed to proceed until e17.5, or to delivery. Sex determination for the e17.5 embryos was performed by PCR amplification of male-specific Sry gene. Placenta DNA was amplified with Sry forward primer 5 0 -TTGTCTAGA-GAGCATGGAGGGCCATGTCAA-3 0 and reverse primer 5 0 -C CACTCCTCTGTGACACTTTAGCCCTCCGA-3 0 . Reactions were performed in 25 ml for 26 cycles (95 1C 30 s, 60 1C 1 min, and 72 1C 30 s). b-Actin was used as a control for amplification in each reaction.
Recipients were maintained on their prepregnancy diet after embryo transfer. For the group of recipients that delivered live progeny, they were continued on the control or HFD through lactation. Six control and five HFD recipients delivered live-born pups. Mean litter size was eight pups (range 6-12), and the number of GFP þ vs GFP À pups did not differ within a litter. At e17.5, pups from all experimental groups weighed significantly less than the control pups. At 14 weeks of age (adult), both male and female pups exposed to HFD during gestation weighed significantly more than controls or those animals exposed to HFD only pregestation (Supplementary Table S1 ) (Sasson et al, submitted) . After weaning at 3 weeks of life, all pups were placed on the control diet and housed at four animals per cage through 14 weeks of life, at which point they were euthanized.
Genomic DNA and Total RNA Isolation Animals were euthanized with an overdose of carbon dioxide, followed by cervical dislocation; a method recommended by the Panel on Euthanasia of the American Veterinary Medical Association. Brains were then rapidly removed and placed in RNAlater (Ambion, Austin, TX, USA) for 24 h at 4 1C before dissection. Brain dissections to isolate the prefrontal cortex, the nucleus accumbens, ventral tegmental area, and hypothalamus were preformed as previously described (Vucetic et al, 2010) . Total RNA was isolated using the AllPrep DNA/RNA Mini Kit (Qiagen).
Gene Expression Analysis by Quantitative Real-Time PCR
For each individual sample, 500 ng of total RNA was used in reverse transcription using the High Capacity Reverse Transcription Kit (ABI, Foster City, CA, USA). Expression of target genes was determined by quantitative RT-PCR using gene-specific Taqman Probes with Taqman gene expression Master Mix (ABI) on the ABI7900HT Real-Time PCR Cycler. Gene probes are listed in Supplementary information. Relative amount of each transcript was determined using delta CT values as previously described in Pfaffl (2010) . Changes in gene expression were calculated against an unchanged glyceraldehyde 3-phosphate dehydrogenase (GAPDH) standard. Primers used are GAPDH Mm99999915_g1, preproenkephalin (PENK) Mm01212875_m1, opioid receptor, mu 1 (MOR) Mm01188089_m1, and solute carrier family 6 (neurotransmitter transporter, dopamine) member 3 (DAT) Mm00438388_m1.
Methylated DNA Immunoprecipitation Assay
MOR promoter methylation was evaluated in the PFC samples from adult male and female samples. Methylated DNA immunoprecipitation (MeDIP) assay was performed using the MagMeDIP kit (Diagenode, Denville, NJ, USA). Methylated DNA was immunoprecipitated using 0.15 ml of magnetic beads coated with anti-5-methylcytidine antibody (Diagenode) or mouse preimmune serum. Quantity of DNA used was 833.3 mg for the IP and 83.3 mg for the input. Enrichment in MeDIP fraction was determined by quantitative RT-PCR using ChIP-qPCR Assay Master Mix (SuperArray) on the ABI7900HT Real-Time Cycler. For all genes examined, primers were obtained from SuperArray (ChIPqPCR Assays ( À 01) kb tile, SuperArray) for the amplification of genomic regions spanning the CpG sites located B300-500 bp upstream of the transcription start sites. MeDIP results were expressed as fold enrichment of immunoprecipitated DNA for each site. To calculate differential occupancy fold change (% enrichment), the MeDIP DNA fraction CT values were normalized to input DNA fraction CT values. Primers used are OPRM1 Mouse Oprm1, NM_001039652.1 ( À )01 kb: GPM1042701( À )01A, ACTIN Mouse Actb, NM_007393.2 ( À )01Kb: GPM1051747 
Statistics Two-way ANOVA was used to determine the effect of obesity, either prepregnancy or during gestation, on mRNA expression in the offspring brain. Significant interactions between the two factors were followed by one-way ANOVAs to examine differences between the groups. Po0.05 was considered as significant.
RESULTS
MOR and PENK mRNA was evaluated within rewardrelated circuitry in the brain (VTA, NAc, and PFC), and hypothalamus of male and female adult offspring. Two-way ANOVA was used to evaluate the relative and/or combined effect of prepregnancy obesity (main effect for embryo donor) vs obesity during gestation/lactation (main effect for gestational environment). Table 1 summarizes the results and statistical analyses; for clarity, only main effects are indicated in the figures. For male offspring, the pattern of responses was similar for MOR in the VTA, PFC, and HYP, with a significant interaction between embryo donor and gestation (F(1,19) ¼ 8.97, P ¼ 0.0074; F(1,19) ¼ 11.65, P ¼ 0.0029; and F(1,19) ¼ 9.0, P ¼ 0.0074, respectively), such that both prepregnancy obesity and gestational obesity increased the expression of MOR, but this effect was not additive (ie, high fat/high fat offspring were not different from either of the single exposure groups) (Figure 1 ). In the NAc, there was a main effect for both embryo and gestation, such that exposure to obesity, either prepregnancy or during gestation, increased the expression of MOR in the NAc. Effects on PENK mRNA were less extensive. A notable interaction was observed in the PFC (F(1,17) ¼ 11.12, P ¼ 0.0039), such that obesity both before and during pregnancy increased the expression of PENK, however, the combination of the two appeared to normalize expression somewhat, although not to the level of controls. A main effect for gestational exposure was also evident in the HYP (F(1,19) ¼ 11.03, P ¼ 0.0036), such that gestation in an obese dam led to increased PENK mRNA. And finally, DAT was evaluated in the VTA, and a main effect for gestational exposure was evident (F(1,17) ¼ 15.75, P ¼ 0.001), such that gestation in an obese dam led to increased DAT mRNA. In females, the results were starkly different. There were no interactions noted, however, for every gene tested in each brain region, there was a significant effect of obesity during gestation (see Table 1 and Figure 2) . In a single brain region, the NAc, an effect of prepregnancy obesity was evident for both MOR and PENK mRNA. Importantly, the direction of the effect was the opposite that seen in the males (prepregnancy obesity led to a decrease, rather than an increase, in MOR and PENK in the NAc of females). Further, for DAT in the VTA, again similar to males there was a main effect for gestation, however, the effect was in the opposite direction (gestational obesity decreased DAT mRNA in the VTA in females).
Brains were also obtained from E17.5 embryos to determine whether these effects were present before birth. Embryonic brains were divided into forebrain, midbrain, and hindbrain divisions. In the males, an interaction was noted for MOR in the hindbrain, such that an effect of prepregnancy obesity was evident, but only if the embryo Table S1 ; Figure 3 ). Main effects for gestation were evident in both MOR and PENK in both the midbrain and the forebrain; however in the forebrain, the effect was a decrease in expression of MOR and PENK, as opposed to increased expression seen in the adult brain. Additionally, a main effect for prepregnancy obesity was evident in PENK in the forebrain (F(1,16) ¼ 9.5, P ¼ 0.007). Again, in females, the effects were more limited, with significant differences observed only in the hindbrain (Supplementary Table S2 ; Figure 3 ). Main effects for gestation were noted in both MOR and PENK, however, the fold change values were very small. DNA methylation within the promoter region of MOR was evaluated in male PFC (Figure 4 ), because we have previously shown that maternal HFD during pregnancy and lactation decreases MOR promoter methylation in line with increased MOR mRNA expression (Vucetic et al, 2010) . Two-way ANOVA revealed a significant interaction between prepregnancy and gestation (F(1,16) ¼ 14.0, P ¼ 0.001), and post hoc analyses indicated a significant reduction in PFC MOR promoter methylation in the control embryos gestated by an obese dam (Po0.03). A similar, but non-significant trend (P ¼ 0.06) was seen in the animals exposed only to prepregnancy obesity. These decreases in MOR promoter methylation paralleled the increased mRNA expression observed in these animals. Surprisingly, offspring exposed to obesity both prepregnancy and during gestation did not differ from controls. In females, there were no differences in promoter methylation observed in the PFC, potentially due to increased variance observed across the groups.
DISCUSSION
This report is the first to demonstrate that obesity before pregnancy can affect molecular end points in the offspring brain (gene expression within the central opioid system), and thereby significantly broadens the timeframe during which maternal obesity can directly affect offspring brain development. Use of the embryo transfer design allowed for the isolation of the effect of obesity before pregnancy vs the effect of obesity during pregnancy, developmental windows that are typically confounded in human and most animal studies. As predicted and consistent with previous reports in the literature, obesity during pregnancy also had a significant effect on the development of the CNS opioid system in both males and females. Notably, all offspring exposed to the HF diet, either before or during gestation, were growth restricted in utero, and showed evidence of placental dysmorphology (Sasson et al, submitted) , suggesting that the observed CNS gene expression changes may be subsequent to growth restriction driven by placental dysfunction. In no instance was there an isolated effect of obesity before pregnancy (eg, without a similar result occurring in response to obesity during pregnancy), however, the converse was not true, as there were instances of a gestational effect of obesity that was not observed in response to pregestational obesity.
In males, in all brain regions, prepregnancy obesity led to an increase in MOR expression. The MOR has a critical role in the control of food intake, particularly with regard to palatable foods. Pioneering work done by Kelley and colleagues established the importance of cortico-striatal Maternal obesity and CNS opioids NM Grissom et al opioids in the regulation of palatable food intake (Kelley et al, 2005; Mena et al, 2011) . Recently, it has been shown that an inverse agonist for the MOR can decrease the intake of palatable food, decrease sucrose preference, and decrease motivated responding for palatable foods (Ignar et al, 2011) . Indeed, MOR is a target for a potential therapeutic directed toward obesity and disordered eating Ziauddeen et al, 2012) . Therefore, increased signaling through the MOR may promote obesity through the selective enhancement of consumption of highly palatable, energy dense (high fat and high carbohydrate) foods, particularly in a context of food choice. In addition to the effect of prepregnancy obesity, a strong and consistent effect of obesity during pregnancy emerged, and in this case, both males and females were equally affected. Collectively, these data show that maternal obesity/consumption of an HFD has the potential to negatively impact CNS reward system circuitry development both before and during pregnancy. The implications for adverse effects on behavior extend beyond dysregulation of hedonically driven feeding, to include a broad range of behaviors in which MOR is important, such as binge-eating behavior (Nathan and Bullmore, 2009) , impulsivity (Kieres et al, 2004) , and the potential for altered responses to drugs of abuse, such as cocaine and heroin (Giuliano et al, 2013) as well as craving during abstinence (Theberge et al, 2012) .
Enkephalin (from the precursor PENK) is the endogenous ligand for the MOR. As with MOR, prepregnancy obesity led to an increased expression of PENK in the male PFC. Gestational exposure to obesity was clearly a more potent stimulus however, as PENK expression was increased in the male HYP and PFC, as well as in all regions of the female brain when offspring were exposed to obesity during pregnancy. Previously, it has been reported that animals exposed to an HFD from E6 to PN15 displayed increased PENK in HYP (Chang et al, 2008) . Additionally, rats that are naturally prone to overconsume an HFD also demonstrate increased hypothalamic expression of PENK (Chang et al, 2010) . These data build on these findings by demonstrating that the effects of perinatal obesity extend beyond the hypothalamus, and that vulnerability to the effects of obesity and/or HFD begin in some cases before gestation. Figure 3 Gene expression in the male and female brain at E17.5. mRNA for MOR and PENK was evaluated in the forebrain, midbrain, and hindbrain. DAT was also measured in the hindbrain. Data from both males (left) and females (right). # Po0.01, a main effect for prepregnancy obesity in male PENK forebrain. Brackets indicate main effect for gestational obesity (*Po0.05, **Po0.01, ***Po0.0001), whereas $ (Po0.05) indicates a significant interaction. Because PENK is the endogenous ligand for the MOR, increased expression of the ligand will likely have similar functional implications as increased expression of the receptor (eg, driving an increased preference for palatable, energy dense, high-fat, and high-sugar foods).
The data from the embryonic brains further focused on the developmental critical period. It is important to consider differences between rodent and human brain development, which is well established to differ across species (Clancy et al, 2007) . Cortical development events occurring from E15 term in the mouse are roughly equivalent to events that occur during the late first trimester of human pregnancy (eg, neuronal migration in the cortex, proliferation of neural progenitor/stem cells, gliogenesis, and axonogenesis). In all cases, genes that were altered in the embryonic brain were still altered in the adult brain. Because expression changes were observed in this early developmental period, the importance of the gestational period (in the absence of continued exposure to HFD/ obesity during lactation) is supported. Additionally, significant brain development occurs postnatally in the rodent (eg, postnatal days 3-11 are thought to mirror the third trimester of a human pregnancy; Livy et al, 2003) , which is why HFD exposure was continued through lactation. In the present experiments, it is not possible to disentangle the effects of gestational HFD from those that occurred during lactation. So, while the embryonic period clearly represents a period of vulnerability to HFD exposure, lactation is an important developmental period as well, as alterations in nutritional status (through manipulation of litter size) have been shown repeatedly to affect brain development end points relating to appetite regulation and stress physiology (Rajia et al, 2010; Spencer and Tilbrook, 2009 ). Additionally, gene expression changes seen in the adult NAc that were driven by prepregnancy obesity were not apparent in the embryonic samples. Thus, the effect of embryo exposure to maternal obesity on the development of this brain region was only revealed by further unknown developmental processes occurring after birth (eg, lactation or puberty). This underscores the fact that the true impact of a periconceptional or gestational manipulation on neuronal function may lie dormant until triggered by subsequent changes in the environment or internal milieu weeks or months later. Also, it should be noted that the embryonic data cannot be directly compared with the adult data, as the size of the embryonic brain limited specificity of the dissections, and this may in part explain the differences in the direction of the changes noted in some genes between the embryonic and adult samples (eg, a different quantity of MOR þ cells in the forebrain embryonic sample vs the much more precise NAc dissection in the adult brain).
The observed sex differences (females less affected by prepregnancy obesity and instances of effects in the opposite direction) were not wholly unexpected, as the effects of perinatal insults are known to vary by sex (Whitaker et al, 2012) . It was particularly notable that in the only region affected by prenatal obesity in the females, the NAc, gene expression changes were in the opposite direction to those seen in the males. It will be important to determine in future studies whether this differential response translates into a potentially more resilient behavioral phenotype in female offspring. Further, these changes were not apparent in the embryonic samples, which suggests a role for differences that emerge in later development (eg, sex steroids). Sex differences in DAT expression and function are well known in the literature, with females demonstrating increased DAT expression (Morissette and Paolo, 1993) and function (Bhatt and Dluzen, 2005) , as well as increased dopamine release and uptake in the caudate (Walker et al, 2000) . Recently, it has been shown that resveratrol induces an upregulation of DAT in female, but not in male, mice, through activation of the estrogen receptor (Liberto et al, 2012) . The present findings identify an additional sex difference in DAT regulation, which may have profound implications for dopamine function in the offspring, particularly as the interplay between dopamine and opioids is a key component in the response to drugs of abuse (Nestler, 2005) . Further, sex differences in opioid expression and action are well known (Dahan et al, 2008) , and these data demonstrate that these sex differences can arise due to differential responses to the nutritional environment, either before or during gestation.
A limitation of the current studies is the focus on mRNA expression. An extensive literature in neuropharmacology supports the role of the MOR in reward-related behaviors. Importantly, a number of studies have also shown that changes in MOR mRNA have a direct functional consequence. A recent report demonstrated that differences in MOR mRNA across different brain regions were tightly paralleled by changes in MOR binding (Inoue et al, 2013) . There are also numerous studies linking changes in MOR mRNA directly with behavioral changes, particularly as it pertains to feeding behaviors. For example, Barnes et al (2008) showed that food deprivation led to increased intake of HFD that was paralleled by an increase in MOR mRNA in the VMH/ARC. Importantly, this behavioral response (hyperphagia) was blocked by the administration of an MOR antagonist. In a study closely related to the current experiments, maternal HFD consumption during gestation was shown to increase the expression of MOR mRNA as well as an increase in preference for HFD in the offspring (a finding that has also been demonstrated convincingly in rats; Ong et al, 2013) . When methyl donor supplementation was added to the diets of the pregnant dams, both the HFDinduced increase in MOR mRNA in the offspring and the increased HFD preference were blocked (Carlin et al, 2013) . The link between changes in MOR mRNA and behavioral changes extends beyond the regulation of food intake. The development of allodynia following sciatic nerve damage is accompanied by decreased expression of the MOR, and this behavioral response can be reversed through administration of MOR agonist (Hervera et al, 2011) . Further, sensitivity to morphine (an MOR agonist) parallels changes in MOR mRNA seen across the circadian cycle, as well as in response to differing levels of endogenous glucocorticoids (Yoshida et al, 2006) . DNA methylation of the MOR promoter was examined. Replicating our previous finding (Vucetic et al, 2010) , gestational HFD decreased MOR promoter methylation in the male offspring. A similar, non-significant trend (P ¼ 0.06) was observed in the animals exposed to prepregnancy obesity alone. These findings suggest that MOR may be susceptible to epigenetic regulation before gestation, however additional experiments would be required to directly evaluate that potential. Interestingly, the combination of prepregnancy and gestational obesity did not alter MOR promoter methylation. This pattern is consistent with other instances where the embryo derived from an obese dam then gestated in an obese environment showed a normalized phenotype (eg, PENK in male PFC and female NAc), which may be an example of predictive adaptive response (PAR) (Ikenasio-Thorpe et al, 2007) . The theory of PAR typically refers to an adaptive advantage that arises when the in utero environment in which a fetus develops matches the eventual adult environment in which the animal will breed (Gluckman et al, 2005) . PAR can also be used to understand developmental plasticity, in this case, specific trajectories of brain development in response to altered maternal diet before and during gestation. Here, the theory of PAR would posit that a mismatch between the nutritional environment before gestation and the environment during gestation would lead to a negative outcome/ phenotype; while conversely, when the environments are 'matched', the outcome will lead to optimal development. While in general, we did not observe a significant empirical support for PAR in our animals with these particular end points, the noted exceptions (PENK mRNA and MOR promoter methylation) may represent specific examples in which the 'matching' of the environments had a role in normalizing the adverse phenotype. PAR is typically applied in the context of prenatal undernutrition (Forrester et al, 2012) , and the present limited examples suggest that the importance of environmental 'matching' may have beneficial results in the context of maternal overnutrition as well.
Collectively, these findings identify obesity, both before and during gestation, as independent maternal conditions with the potential to dramatically alter offspring brain development, specifically opioid expression within reward neural circuitry. These molecular changes are likely to contribute to the increased risk for obesity observed in offspring born to obese mothers. These findings conclusively show that obesity before pregnancy is sufficient to alter offspring brain development, and reveal notable sex differences in the response of the offspring to maternal obesity. Given that 20-38% of pregnant women in the United States are obese (Yogev and Catalano, 2009) , and between 50 and 75% of women exceed the recommendation for weight gain during pregnancy (Brawarsky et al, 2005; Oken et al, 2007) , the impact of these findings are widereaching and involve the majority of babies born in the United States.
